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| INTRODUCTION
The relationship between cancer and venous thromboembolism (VTE) is well established, however the underlying pathogenic mechanism has remained elusive. Among all patients with VTE, approximately one in five is diagnosed with cancer, whereas cancer patients have a four-to seven-fold increased risk for a VTE event. [1] [2] [3] Furthermore, cancer-associated thrombosis (CAT) contributes to high morbidity and mortality, with VTE being the second cause of death-after cancer, itself. 4, 5 Besides the "classical" patient-related factors like age, ethnicity and prior history of VTE, several other risk factors intrinsic to cancer that may contribute to CAT have been addressed, such as higher tumor grade, metastatic disease, and cancer type. Cancer types may be classified into those that confer a high risk (pancreas, brain), moderate risk (lung, colon) and low risk (prostate, breast) of VTE. 6, 7 In addition, cancer treatment such as surgery and chemotherapy further increases the risk of VTE. 8, 9 In order to select those patients that are at (high) risk for VTE and those who might benefit from thromboprophylaxis, development of an accurate prediction models is key. These models will undoubtedly become more accurate as we learn more on the mechanisms underlying CAT. Although extensive research has been performed on finding biomarkers that predict VTE in cancer patients, the focus in most studies was on coagulation factorseither in terms of expression or genetic variants-and mediators.
In this review we will discuss some of these risk factors, focusing mainly on potential tumor-derived biomarkers. Furthermore, we will present future directions that may be taken to increase the accuracy of CAT prediction models.
| RIS K A SS E SS MENT TOOL S
Over the years, several risk assessment tools have been developed to estimate the risk of CAT, 6, [10] [11] [12] but unfortunately, the accuracy of such tools is very low. 9, 13, 14 The main limitations of these risk assessment tools are: (a) while performing better in large cohort studies these tools are unable to predict CAT at the individual level, (b) these models are not developed for specific cancer types, (c) they underperform when used to predict risk of recurrence VTE, and (iv) they poorly predict increased risk of mortality. Inclusion of variables classically associated with VTE, such as platelet counts, D-Dimer and P-selectin levels, moderately improves power of such models. At the same time, it should be noted that these plasma-derived biomarkers are sensitive to circumstances like inflammation, surgery and chemotherapy, and therefore introduce a wide variability in their plasma concentrations.
The most recently developed risk score, TiC-Onco-that also includes genetic risk factors-showed a positive predictive value of up to 37%, which is only an incremental increase over the predictive values obtained after using the Khorana score that correctly predicted VTE in only 22% of the CAT patients. 15 The main reason why progress in understanding and predicting CAT is slow is the fact that many investigators extrapolate classical VTE risk factors to CAT patients, with addition of a few extra risk factors related to cancer. However, a recent publication indicates that cancer patients with VTE have different plasma profiles compared to patients with VTE only. 16 In this study, the authors measured concentrations of 31 plasma proteins using multiplexed targeted proteomics. Here, the authors were able to identify and 
| TISSUE FACTOR
A protein that is considered the center of cancer-associated thrombosis is tissue factor (TF) as it plays a role in both tumor progression and VTE. Since the association and putative role of TF in CAT is extensively investigated and reviewed [17] [18] [19] [20] [21] we will only briefly summarize the most important findings. TF is the activator of the extrinsic coagulation pathway, ultimately resulting in fibrin degradation and platelet activation. TF overexpression has been associated with reduced survival, increased angiogenesis, migration, and invasive capacity of tumor cells in a number of cancer types (previously reviewed elsewhere 19, 20 ). At present, only a handful of studies have investigated the clinical association between tumor-expressed TF and the incidence of VTE. In pancreatic cancer, the risk of VTE was increased four-fold in patients with high tumor TF expression when compared to those with low TF levels. 22 Furthermore, in a relatively small cohort, consisting of 32 ovarian cancer patients, TF expression showed a correlation with the incidence of thrombosis and D-dimer levels. 23 However, not all studies confirm a link between TF and VTE.
In a prospective study on non-small cell lung carcinoma (n = 39), TF expression did not associate with increased risk of VTE. 24 
| HOST-SPECIFIC GENETICS
Mutations in coagulation related genes are known contributors of VTE in non-cancer patients. Therefore, initial studies investigating CAT have focused on these "classical" targets. Factor V Leiden-a genetic variant that is resistant to inactivation by activated protein C-confers an increased risk of VTE with an odds ratio of 3.49 in the healthy population. 31 While some studies suggest a two-to five-fold increased risk of VTE in cancer patients with Factor V Leiden, [32] [33] [34] other cohort studies were unable to confirm this association. [35] [36] [37] Similarly, polymorphisms in other coagulation-related genes, such as FII G20210A, FIII -603A/G, FIII +5466A>G, FXIII Val34Leu, and methylenetetrahydrofolate reductase C667T, showed no effect on VTE incidence in patients with and without cancer. [34] [35] [36] 38, 39 Altogether, these studies suggest that host-specific mutations and SNPs in coagulation factors are not main contributors of VTE in cancer patients, and therefore should not be considered as potential biomarkers.
In recent years, studies have also addressed involvement of unsuspected gene variants as contributors to VTE in cancer patients.
One example is a study in which colorectal cancer patients with a β3-integrin rs3809865 A/A genotype were shown to have an increased risk of VTE compared to colorectal cancer patients with an A/T or T/T genotype. 40 Although the causality between this gene variant and CAT remains unknown, the authors speculate that this variant might lead to an increased expression of β3-integrin, as this genotype is less susceptible to microRNA-mediated downregulation.
To our knowledge, rs3809865 A/A-dependent β3-integrin expression on endothelial cells and platelets has not been investigated.
Moreover, the risk of VTE in non-cancer patients with this genotype is unknown. Thus, while it is tempting to speculate on a link between β3-integrin rs3809865 A/A and an increased risk of VTE in patients with cancer, this hypothesis cannot be validated.
Others have reported synergistic effects of germline polymorphisms and chemotherapy-an anticancer strategy that increases the risk of VTE six-fold-on the incidence of VTE in cancer patients. A number of studies have shown that mutational status associates with TF expression. For instance, in colorectal cancer TF expression is upregulated via MAPK and PI3K signaling pathways due to mutations in K-ras and loss of the tumor suppressor p53. 19, 20 In glioblastoma, TF expression is regulated in an EGFR-dependent manner together with loss of PTEN. 21 In support, the link between elevated TF levels and mutations in K-ras, PTEN and p53 were confirmed in tumor specimens derived from patients with non-small cell lung cancer. 22, 23 Although TF expression does not necessarily associate with a high risk of VTE, as discussed above, it may very well be that K-ras, p53, EGFR, and PTEN mutations have an impact on VTE (summarized in Table 1 ).
In a multicenter retrospective study cohort (activating) mutations in K-ras-specifically in codons 12 and 13-associated with a twofold increased risk of VTE in metastatic colorectal cancer patients when compared to those patients bearing a wild-type K-ras in colon tumors (OR = 2.21). Interestingly, when VTE was separated into patients with DVT or PE the odds ratio changed to 2.62 and 1.36, respectively. Investigation of the seven most common K-ras mutation types did not reveal a specific variant that associates with VTE, suggesting that hyperactivation of K-ras in general contributes to VTE in metastatic colorectal cancer patients. 43 A retrospective case-control study in lung cancer confirmed the association between K-ras mutation and increased VTE risk (OR = 2.67). 44 Mechanistic studies have given more insight in the consequences of K-ras activation on tumor progression. K-ras promotes several signaling pathways, resulting in increased angiogenesis, inflammation, and invasion. 45, 46 Moreover, elevated levels of inflammatory mediators, eg, IL-6 and IL-8, may be found in tumor cells harboring a K-ras mutation. 45 Interestingly, increased IL-6 and IL-8 levels in plasma are associated with increased risk of VTE in non-cancer patients. 47 It should, however, be noted that no correlations were found between interleukins and VTE in the Vienna Cancer and Thrombosis Study cohort, 48 except for patients with pancreatic cancer. This might be attributed to the relatively low incidence of VTE in the cohort (7.2%) and that plasma was collected prior to cancer-related therapy, ruling out contributions of surgery and/or chemotherapy. Overall, this suggests that mutational status of K-ras might serve as a potential biomarker and might serve as an upstream regulator of CAT.
Unfortunately, associations between EGFR and VTE in cancer are less obvious. Although tumor specimens of high-grade astrocytroma (a specific type of brain cancer) showed a strong correlation between TF and EGFR expression coinciding with an increase in intravascular thrombosis in the tumor, it was not examined if these patients indeed had (a)symptomatic VTE. 49 In contrast with these data, a retrospective study showed a decreased hazard risk of VTE in EGFR-mutation bearing lung adenocarcinoma patients. 50 Yet, in another retrospective case-control study, no association of VTE events in EGFR mutated patients was found when compared to those without. 44 This latter group included all types of non-small cell lung carcinoma, with lung carcinoma constituting 72% and 57% of case and control patients, respectively. The majority of VTE events in lung cancer is associated with non-small cell lung carcinoma. 51 Another mutation found in 5% of the tumors from non-small cell lung carcinoma patients is chromosomal rearrangement of anaplastic lymphoma kinase (ALK). The first study on this mutation and its link with CAT showed an increased risk of VTE. 52 In a cohort of Canadian lung adenocarcinoma patients, VTE was diagnosed in over 40% of patients with ALK rearrangements, and in an Israeli validation cohort 28% of the patients with ALK rearrangements had VTE. In this latter cohort, patients were not screened for asymptomatic VTE diagnosis, which could explain the lower incidence rate. In contrast, in a retrospective study that consisted of a similar group size a trend of decreased VTE risk in patients with ALK rearrangement in lung adenocarcinoma was determined. 50 Thus, ALK mutational status as a marker or even a driver for increased VTE risk in non-small cell lung carcinoma remains controversial. 
| UNBIASED SCREEN FOR RISK FACTORS IN CAT
It is a time-consuming effort to identify all mutations in tumors and to link them individually to risks of VTE in cancer. Therefore, we have previously proposed to screen-in an unbiased mannertumor gene expression profiles and/or mutations that associate with VTE in cancer patients. In a proof-of-principle study we showed that it is feasible to link tumor-specific gene expression profiles with VTE in colorectal cancer patients. 57 In this study RNA from isolated tumor cells was subjected to next generation RNA sequencing, making it possible to compare expression profiles in tumor cells from colorectal cancer patients with VTE compared to colorectal cancer patients without VTE. Tumors from CAT patients had different expression profiles that involved pathways related to coagulation, inflammation, homocysteine production, and liver-and retinoid X receptor function (Table 2 ). In addition, tumor could serve as a strong predictor of VTE in colorectal cancer patients. Additionally, these three genes encode secretable proteins and therefore future work is required to study if plasma levels could also serve as prognostic biomarkers. [58] [59] [60] Furthermore, it would be interesting to investigate if there is a relationship and/or synergism with mutational status of K-ras, as this is already associated with CAT in colorectal cancer. 43 Finally, future work may demonstrate that there is a link between the expression profiles in CAT and different subtypes of colon cancer, 61 as Magnus et al. previously reported glioblastoma subtype-specific phenotypes and altered coagulationrelated genes. Such identification may allow for personalized treatment of colorectal cancer patients to prevent CAT.
Significant upregulation of REG4 was detected both in patients with VTE before, as well as around colorectal cancer diagnosis.
Overexpression of Reg4 is associated with tumor progression, metastasis and reduced survival. [62] [63] [64] As mentioned before, risk of CAT increases dramatically in patients experiencing metastasis compared to non-metastatic cancer patients. [65] [66] [67] Tumor cells must gain cancer stem cell properties and should undergo epithelial-to-mesenchymal transition, for successful metastasis. 68, 69 In the bloodstream procoagulant functions rescue the circulating tumor cell from immune attack and shear stress, which additionally supports metastasis. [70] [71] [72] Of note, REG4 is associated with cancer stemness and metastasis, 73, 74 suggesting that Reg4-dependent metastasis may be another mechanism leading to CAT. Unfortunately, thus far, no (genetic) reports have been published on the mechanism linking metastasis to increased risk of VTE. We believe that rather than the metastatic lesion itself, circulating tumor cells contribute to VTE, as they: (i) possess procoagulant activity, (ii) may consist of large clumps of multiple cells, and (iii) are found in thrombi. 75, 76 
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